Abstract: A multidisciplinary approach incorporating otolith chemistry, age data, and numerical Lagrangian particle simulations indicated a single, self-recruiting population of Antarctic toothfish (Dissostichus mawsoni) in the Southeast Pacific Basin (SPB) and Ross Sea, with a life history structured by the large-scale circulation. Chemistry deposited prior to capture along otolith edges demonstrated strong environmental heterogeneity, yet the chemistry in otolith nuclei, deposited during early life, showed no differences. Age data showed only adult fish in catches on the Pacific-Antarctic Ridge in the SPB and structuring of life stages consistent with transport pathways from the northern Ross Sea. Lagrangian particle simulations predicted that early life stages following the flow in the SPB would be transported to areas in the Ross Sea where juveniles are caught, whereas the circulation would facilitate adult movement along the shelf slope and back into the SPB where spawning adults are caught. These results suggest that successfully spawning fish spend only a part of their adult life history in the Ross Sea, areas in the eastern Ross Sea contribute disproportionately to the spawning population, and areas in the southwestern Ross Sea may supply fisheries in the southern Indian Ocean.
Introduction

A life cycle hypothesis for Antarctic toothfish
The well-documented success of spatial refuges in restoring overexploited fish stocks (e.g., Roberts et al. 2001 ) has focused attention on protecting marine areas as a tool for fisheries management. However, the biology underlying this success has received less emphasis, in particular the spatial structure of individual populations and their life cycles. Yet a marine protected area (MPA), with its extra costs of adminis-tration and enforcement, will have little effect if it simply redirects fishing effort away from one part of a randomly mixing population to another, or worse, concentrates diffuse effort into an area through which all successfully spawning fish must pass during their life history. Assessing the potential benefits of MPAs, therefore, demands a clear understanding of the population structure and life cycle of species affected.
Recent initiatives by the Commission of the Convention for the Conservation of Antarctic Marine Living Resources (CCAMLR) for a representative system of MPAs in the Southern Ocean include a new proposal for the Ross Sea, where an important fishery for Antarctic toothfish (Dissostichus mawsoni) is managed primarily through spatially explicit catch quotas based on biennial stock assessments. Although still defined as exploratory, landings have increased from 42 tonnes (t) during the 1997-1998 fishing season to 3091 t in -2007 (CCAMLR 2007 , and the catch quota is currently set at 3282 t for the 2011-2012 season. However, declines in the numbers of adults taken by researchers in the McMurdo Sound and their catch per unit effort have been attributed to commercial activity (DeVries et al. 2008) , and there is rising concern over the potential impact of fishing on the Ross Sea ecosystem (e.g., Ainley 2010 ). An MPA in the Ross Sea may help promote spatial management of the fishery, but the potential benefits remain obscured by uncertainty over toothfish population structure and life cycle.
Commercial vessels target toothfish during the austral summer, deploying benthic longlines when the sea ice breaks up enough to provide access to concentrations of juvenile (Ͻ100 cm total length) and adult toothfish. From December to May, fishing occurs on the continental shelf and slope and on oceanic banks and seamounts in the western Southeast Pacific Basin (SPB) north as far as the Pacific-Antarctic Ridge (Fig. 1) . Juvenile toothfish are caught in commercial catches principally on the shelf, including in the southwestern and eastern Ross Sea, whereas adults predominate in catches from deeper water along the slope. In the SPB, where adults also dominate the catch (Hanchet 2010) , their gonadosomatic indices increase over the fishing season (e.g., Fenaughty 2006) . To explain this, Hanchet et al. (2008) proposed a life cycle ( Fig. 1 ) in which adults move from the Ross Sea north towards the Pacific-Antarctic Ridge to spawn during the austral winter. Using particle tracking simulations based on a circulation model, they hypothesized that early stages are entrained in the circulation in the SPB; some are advected southward or westward to settle in the western Ross Sea or the Balleny Islands and adjacent continental shelf. Large proportions are advected eastward along the Ross Gyre to reach the eastern Ross Sea. Spent adults then return directly to the continental slope in postspawning migrations.
Several lines of evidence are consistent with this hypothesis. Mature adults tagged by researchers in the southwestern Ross Sea have subsequently been caught in the western SPB (Dunn et al. 2007 ). Moreover, adults become neutrally buoyant when they reach 100 cm total length (Near et al. 2003) at ϳ10 years of age, reducing the energetic cost of large-scale movement. Phyletic evidence, including brain morphology, suggests a life cycle that involves migration Eastman and Lannoo 2011) . Migration also likely explains high frequencies of adults with low condition factor in the western SPB ; in contrast, juveniles are benthic and negatively buoyant, and recaptures from fishery tagging programs indicate movement on a much reduced scale. Young stages are considered pelagic (Hanchet et al. 2008) , and evidence from otolith micro-increments (La Mesa 2007) suggests a long pelagic phase lasting ϳ21 months after being spawned (Hanchet et al. 2008) . Toothfish are long-lived (up to 39 years; Horn 2002; Brooks et al. 2011) and unusually fecund for a notothenioid, traits consistent with high rates of early mortality associated with advection.
Despite this evidence, a number of points remain unclear in the hypothesis. Many adult fish caught during the fishing season are in areas from where they cannot feasibly migrate to spawn during the austral winter. Further, gonad indices indicate that adults in the Ross Sea do not mature in preparation for a winter spawning migration. More importantly, they are not physiologically adapted for active large-scale movement. Additionally, several studies suggest spatial distributions inconsistent with the idea of direct return migration to benthopelagic feeding areas along the continental slope. Thus, adult toothfish were commonly recovered from the stomachs of sperm whales (Physeter macrocephalus) on board vessels whaling in pelagic waters in the western SPB, suggesting that fish spent a considerable part of their lives relatively close to the surface (Yukhov 1970) and certainly within the sperm whales' dive range of ϳ1000 m (e.g., Watwood et al. 2006) . Moreover, adult toothfish were recovered from sperm whales in a plume eastward from the western SPB as far as 100°W in the Amundsen Sea; stomach contents consisted mainly of small squid, implying that these toothfish were feeding pelagically (Yukhov 1971) . More recently, an adult tagged by researchers in the southwestern Ross Sea was recaptured in the Amundsen Sea (Dunn et al. 2007) ; however, despite a less traumatic tagging method, recapture rates from tagging in the southwestern Ross Sea were considerably lower than for fish tagged by the fishery.
A multidisciplinary approach to test population structure and connectivity Hanchet et al.'s (2008) life cycle hypothesis implies that fish along the Pacific-Antarctic Ridge and in the Ross Sea constitute a single population sharing a similar early life history, with connectivity between areas critical to completing the life cycle. Conventionally, measures like meristics, morphometrics, parasites, age structure, and vital rates are often used to test population hypotheses (e.g., Ihssen et al. 1981) . Heterogeneity in these measures can usefully indicate spatial structuring, especially in older life stages. However, in species characterized by dispersal during early life, subsequent exposure to different environments can affect the measures, generating heterogeneity that does not reflect underlying population separation. Alternatively, artificial tags are often useful for determining movement, but these are difficult to apply in young stages or in the numbers required to offset mortality, especially in fecund species.
Otolith chemistry, on the other hand, takes advantage of environmental heterogeneity generated by physical forcing. In the Southern Ocean, otolith chemistry successfully distinguished fish exposed to Antarctic Intermediate Water and Circumpolar Deep Water (CDW; Ashford et al. 2005) , frontal zones in the Antarctic Circumpolar Current (ACC) separated by the Subantarctic and Polar Fronts , and different mixtures of CDW (Ashford et al. 2010 ) along shelf systems off the Antarctic Peninsula and South Georgia. Fish from a single population, exposed to the same environment during early life, deposit the same chemistry in their otolith nuclei. Fish continue to carry the same nucleus chemistry, even after subsequent dispersal to different environments, providing a natural marker that can be used to link fish to their parent population. In the Antarctic, nucleus chemistry has successfully detected known population boundaries (Ashford et al. 2006; and has been used to test population hypotheses (Ashford et al. 2010 ) and examine population structuring by the large-scale circulation (Ashford et al. 2008) .
Despite the sensitivity of otolith chemistry to environmental properties, however, fish biologists have rarely used it to test hypotheses that explicitly incorporate a hydrographic context. By contrast, particle simulations based on a circulation model, used to examine physical-biological interactions in the Southern Ocean, have successfully provided insight into the population biology of krill (e.g., Fach and Klinck 2006; Thorpe et al. 2007). However, even though such simulations are highly spatially explicit and rigorously specified, the uncertainty involved in reproducing physical processes can undermine wider acceptance of the models' predictions. Instead, by testing these predictions empirically against distributions of otolith chemistry, the two techniques can be used to address spatially explicit hypotheses that relate connectivity to the physical circulation of oceanic systems (Ashford et al. 2010) .
The combined approach has already been used to elucidate interactions between hydrography and life history that structure mixing assemblages of juvenile Patagonian toothfish (Dissostichus eleginoides) on the Patagonian Shelf (Ashford et al. 2012) . Nevertheless, similar nucleus chemistry in fish spawned together limits application to questions within population. Instead, age data can be used to examine structuring in dispersing fish, the subsequent distributions of life stages and cohorts of a population between areas, and infer their relationship to transport pathways. Used together, the three techniques promise a multidisciplinary approach to address complex life history structuring and connectivity related to the physical circulation.
The physical system in the Ross Sea and Southeast Pacific Basin
Physical forcing drives transport pathways that connect areas around the Antarctic where adult and juvenile toothfish are caught and generates regional hydrographies that structure fish assemblages and the chemistry laid down in their otoliths. Thus, eastward flow in the ACC is concentrated in high-speed jets associated with fronts (e.g., Orsi et al. 1995) . Its southern boundary lies above the Pacific-Antarctic Ridge in the SPB; farther downstream, the boundary and the Southern ACC Front are located close to the continental slope along the eastern Amundsen Sea, Bellingshausen Sea, and western Antarctic Peninsula (Orsi et al. 1995) . Upper CDW transported in the ACC floods the shelf along the Peninsula, mixing with Winter Water to form a deep layer of Modified CDW (e.g., Smith et al. 1999 ) that has been successfully detected in the chemistry of fish otoliths (Ashford et al. 2010) .
By contrast, in the SPB south of the ACC, near-surface flow connects along the northern and southern limbs of two cyclonic cells northwest and northeast of the Ross Sea (Locarnini 1994; Rickard et al. 2010) to form the Ross Gyre. The surface layer is occupied by Antarctic Surface Water (AASW), below which density surfaces slope upwards toward the pole, bringing warm, nutrient-rich CDW close to the surface near the ACC's southern boundary (Orsi et al. 1995) . The boundary between the ACC and Ross Gyre lies above the PacificAntarctic Ridge, marked by the poleward limit of Upper CDW. The core of Lower CDW rises sharply from 2000 m to less than 400 m, and strong flow along the Ridge (Locarnini 1994) splits, one branch continuing eastward in the ACC and the other southwestward in the Ross Gyre. Lower CDW forms a relatively warm, salty layer at mid-depth, which ends abruptly at the continental shelf, in the Antarctic Slope Front, where it flows westward along the southern limb of the Ross Gyre in the Antarctic Slope Current, moving cyclonically northwards and then westward from the Iselin Bank. Deeper waters follow the same cyclonic circulation but reach farther east.
In the Ross Sea, a westward current flows along the front of the Ross Ice Shelf, and inflow from the shelf break follows the west side of a series of banks oriented north-south on the shelf, with outflow on the eastern side (Fig. 2a) . In the eastern Ross Sea, an inflow of AASW branches off the coastal current over the shelf near Cape Colbeck (Stover 2006; Orsi and Wiederwohl 2009) . Cold shelf waters transported to the shelf break mix with Lower CDW to form dense water (Locarnini 1994) , which sinks and flows along the base of the continental slope to form part of a western boundary current that continues northward past the Iselin Bank. Much of this flow enters the SPB rather than veering westward along the slope (Gordon et al. 2009 ), generating a potential transport pathway from the northern Ross Sea to toothfish spawning areas. In the western Ross Sea, CDW modified by mixing with AASW floods onto the shelf at the shelf break in the vicinity of troughs separating the north-south banks (e.g., Stover 2006) . It meets equatorward flow of dense, cold High Salinity Shelf Water (HSSW), mixing to form Modified Shelf Water (Gordon et al. 2009 ). In the Glomar Challenger Trough, a portion of these waters contributes to formation of Low Salinity Antarctic Bottom Water (AABW), which sinks to form part of the deep western boundary current. Some of the rest of the CDW flows into the western Ross Sea or underneath the Ross Ice Shelf. There is also a northward boundary current along the Victoria Land coast. The most saline HSSW is formed in the western Ross Sea, and some of it flows northward to reach the shelf break at the northern end of the Drygalski Trough, where it participates in the formation of High Salinity AABW (Gordon et al. 2004; Whitworth and Orsi 2006) . Driven by tidal mixing, the dense water flows in gravity currents down the slope, supplying the deep boundary current flowing westward along the continental margin. From the Joides Trough, less saline but nevertheless dense water flows into the Adare Basin (Gordon et al. 2009 ), where it turns cyclonically along the flank of the ocean ridge system that marks the western end of the SPB (Locarnini 1994) , generating a second potential transport pathway northwards for adult toothfish to reach spawning grounds in the SPB.
As a result, physical forcing drives transport pathways that connect disparate areas in the Ross Sea, SPB, and along the Antarctic Peninsula where toothfish are found, while regional hydrographies characterized by contrasting mixtures of Upper CDW, Lower CDW, AABW, and shelf waters generate heterogeneous environments advantageous for otolith chemistry. We used age data validated by lead-radium dating and simulated particle transport pathways using a numerical circulation model developed for the Ross Sea. Sampling fish caught in the northern Ross Sea and SPB by the commercial fishery, we conducted the first study to integrate otolith chemistry, spatial age distributions, and particle simulations in a comprehensive test of the life cycle hypothesis proposed by Hanchet et al. (2008) .
Materials and methods
Otolith analysis procedures
Otoliths were collected from the Pacific-Antarctic Ridge and the northern shelf and slope of the western Ross Sea by CCAMLR observers on board the F/V American Warrior and Pagination not final/Pagination non finale The observers sampled fish from the catch using a standardized protocol for randomized sampling (CCAMLR 2006 ) and recorded total length, mass, sex, and maturity stages. Otoliths were collected, stored dry, and transported to Old Dominion University.
One sagittal otolith was selected randomly from each pair and used for estimating age from the microstructure revealed by transverse sections as described in Brooks et al. (2011) . The accuracy of the age data generated was successfully tested by a radiometric validation using the second otolith from fish randomly subsampled from the collection (Brooks et al. 2011) . After validation, latitude and longitude coordinates for each haul were overlain on a habitat map in ArcGIS (Brooks 2008) , and age distributions were compared between four sampling areas along the shelf slope off the Iselin Bank, Mawson Bank, Drygalski Trough, and Cape Adare, and two more from the Adare Basin and the Pacific-Antarctic Ridge (Table 1 ; Fig. 2b ).
A second subsample was drawn, this time from fish captured within each sampling area, and the second otolith was used for otolith chemistry. To account for ontogenetic effects, 20 fish were randomly subsampled for elemental analysis from the remaining adults (Ͼ15 years) from the Pacific-Antarctic Ridge, Iselin Bank, and Adare Basin. Twenty fish were also randomly subsampled from juveniles (Ͻ10 years old) from the slope off the Iselin Bank, Mawson Bank, Drygalski Trough, Cape Adare, and in the Adare Basin. For external comparison, juvenile fish from the Antarctic Peninsula, which show genetic differentiation from those in the Ross Sea (Kuhn and Gaffney 2008) , were selected from catches of research trawls during the 2001 United States NOAA survey of Elephant Island and the South Shetland Islands, thus providing six juvenile treatments for comparison. To remove any surface contamination, the otoliths were rinsed in Milli-Q water, placed in 20% Ultra-Pure hydrogen peroxide for 5 min, and rinsed again in Milli-Q water. They were then ground from the anterior end using the grinding wheel of a HillQuist Thin Section machine to give a transverse surface anterior of the nucleus. Otoliths were mounted on this surface using crystal bond, which had been previously tested to ensure it was not a source of contamination, and ground from the posterior side to reveal a transverse plane through the otolith nucleus. The surface of the mounted thick section was fine-ground and polished using a Crystalmaster 8 Machine with 30M and 3M Mark V Laboratory lapping film. In a clean room, the sections were rinsed in Milli-Q water under a laminar flow hood and lapped manually using clean plastic clamps and Mark V Laboratory polishing film. Each otolith was lapped successively on three pieces of clean 3M film, finished on 0.3M film, rinsed, and the surface soaked with 20% Ultra-Pure hydrogen peroxide for 5 min before rinsing again. After drying, sections from each treatment were randomly selected, removed from the slide, and mounted in random order on clean petrographic slides under a laminar-flow hood using silicon glue, also previously tested to ensure it was not a source of contamination. The mounted sections were rinsed, sonicated for 5 min, then rinsed again, all in Milli-Q water, and left to dry.
To measure trace and minor element concentrations, we used a Finnigan MAT Element2 double-focusing sector-field inductively coupled plasma -mass spectrometer (ICP-MS) located at the Plasma Mass Spectrometry Facility at Woods Hole Oceanographic Institution (Woods Hole, Massachusetts). Samples were introduced in automated sequence (Chen et al. 2000) using laser ablation and a PFA microflow nebulizer (50 L·min -1 , Elemental Scientific Inc., Omaha, Nebraska). Ablated material from the sample cell was mixed in the spray chamber with aerosol of 1% HNO 3 introduced by the nebulizer, and the mixture was then carried to the ICP torch. Blanks of 1% HNO 3 aerosol were also introduced to the chamber by the nebulizer; for quality control, we used dissolved reference material obtained from the National Resource Council of Canada. To control for operational variability in the laser ICP-MS, a randomized blocks design was used with each petrographic slide as the blocking factor, considered randomly drawn, with otoliths selected randomly from each treatment and placed in random order on the slide. Blank and reference readings of count rate (counts·s -1 ) were obtained before and after presentation of the otolith sections in each block and for every three otoliths within a block.
Otoliths were analysed for 48 Ca, 25 Mg, 55 Mn, 88 Sr, and 138 Ba and reported as ratios to 48 Ca. To calculate element:Ca (Me·Ca -1 ) ratios, background counts were subtracted from otolith counts by interpolating between blank readings, and the corrected otolith counts were converted to Me·Ca -1 concentrations using the reference readings. To determine empirically how otolith chemistry varies spatially, we sampled material laid down in the interval prior to capture by placing a line raster type along the proximo-dorsal edge of the otolith to sample the outer annulus. We used a laser beam of diameter 25 m, frequency at 10 Hz, and power at 60%, travelling ϳ900 m along the edge at 6 m·s -1 and giving a predicted mean crater width of 17 m and crater depth of approximately 100 m (Jones and Chen 2003, their eq. 3) . To test for population heterogeneity, we sampled material laid down during early life. We placed a grid raster type 150 m ϫ 200 m within the nucleus and used the same settings to sample material laid down during the first year of life (La Mesa 2007) , including the primordium and material surrounding the primordium.
Statistical methods
For edge and nucleus data, multivariate outliers were identified in separate analyses for adult and juvenile toothfish by (Khattree and Naik 1999) . Based on tests using Mardia's multivariate skewness and kurtosis measures (␣ ϭ 0.05) and QQ plots of squared Mahalanobis distances (d i 2 ), neither edge nor nucleus data conformed to multivariate normality; variance-covariance matrices were not equal according to Bartlett's modification (␣ ϭ 0.1). However, univariate power transformations (e.g., Kuehl 1994 p. 121; ) stabilized the variances (F max test, t ϭ 4, v ϭ 19, ␣ ϭ 0.01); the transformed data conformed to multivariate normality with equal variance-covariance matrices. The data transformations selected for the adult edge data were y 0.2 for Mg·Ca -1 , y -0.3 for Sr·Ca -1 , y -0.4 for Ba·Ca -1 ; for the juvenile edge data, the data transformations were y 0.1 for Mg·Ca -1 , y 0.6 for Sr·Ca -1 , log(y) for Ba·Ca -1 . For the nucleus data, the transformations were the same for adults and juveniles: y -0.4 for Mg·Ca -1 , y -1 for Sr·Ca -1 , and y -0.6 for Ba·Ca -1 .
Since these data satisfied assumptions, we used multivariate analysis of variance (ANOVA) to test (i) the edge data for environmental heterogeneity along the northern slope of the Ross Sea and between the slope and SPB and (ii) the nucleus data for population heterogeneity that would indicate more than one population. For the adults, we constructed contrasts among the Pacific-Antarctic Ridge, the Iselin Bank, and Adare Basin; for juveniles, contrasts were among the Iselin Bank, northern slope of the Ross Sea, Adare Basin, and the Antarctic Peninsula. We used univariate models to examine the influence of each Me·Ca -1 ratio; since Mn·Ca -1 values were less than detection limits and showed no differences, they were not included in the analyses. Since variance-covariance ratios were equal for all four analyses, we calculated canonical discriminant variates to illustrate graphically the environmental and population heterogeneity between areas (Khattree and Naik 2000). Because our interest did not lie in allocating samples of unknown provenance to areas or populations represented in a training set, we did not use discriminant analysis to examine classification success.
Age data were mapped in space according to corresponding latitudinal and longitudinal haul data and then grouped according to the distinct regions where hauls were aggregated. We then used a one-way ANOVA (␣ ϭ 0.05) to test for structuring between sampling areas consistent with connectivity along (i) the eastern pathway northward from the Iselin Bank and (ii) the western pathway into the Adare Basin. Data fulfilled the assumption of equality of variances (Levene's test, p ϭ 0.64) without transformation; there was some evidence of kurtosis and skewness (Kolmogorov-Smirnov, ␣ ϭ 0.05), but ANOVA is generally robust to moderate departures from normality. To evaluate differences between areas, we used Duncan's multiple range test, which is a variant of the Student-Newman-Keuls test for pairwise comparisons in an ordered array of all treatment means based on experimentwise error rates.
Lagrangian particle tracking
We further examined potential transport pathways by releasing particles in the large-scale circulation simulated by a numerical circulation model, which is based on a highresolution version of the Regional Ocean Modeling System (ROMS; Shchepetkin (Dinniman et al. 2003; . The ROMS implementation for the Ross Sea is a three-dimensional ocean primitive equation finite difference model that uses a terrainfollowing vertical coordinate system as described in Dinniman et al. (2011) . The model domain (Fig. 2c) extends from north (67.5°S) of the continental shelf break southward to 85°S, including almost all of the cavity beneath the Ross Ice Shelf and parts of the southern and western limbs of the Ross Gyre. The horizontal grid spacing is 5 km, and the vertical resolution is determined by 24 vertical levels, the thickness of which varies with the water column depth, but are concentrated towards the top and bottom surfaces. The model simulates the thermodynamic and mechanical forcing of the floating ice shelf on the water in the cavity beneath. In place of a fully dynamic sea ice model, ice concentrations from satellite observations are imposed, and ice melt or freeze is calculated from the imposed ice distribution. The model surface heat flux is calculated as a linear combination of heat flux due to ice cover and the open-water heat flux, with the ratio determined by the ice concentration in a particular grid cell. The daily winds used to force the ocean are taken from forecasts from the Antarctic Mesoscale Prediction System (AMPS; Powers et al. 2003; Bromwich et al. 2005) , which uses a mesoscale meteorological model to compute high-resolution atmospheric forecast fields for Antarctica. The AMPS model grid provided winds at 30 km horizontal spacing over much of the Southern Ocean (including our entire model domain). The ocean circulation model provided current fields (u and v components of the flow) that were used to estimate the trajectory followed by a particle (X ¡ ) in space (x, y, z) and time (t), as
is the change of the location of the particle in the three-dimensional field with time. The location is modified by the advective velocity field (U ជ (X ជ ,t) ), obtained from the circulation model, and vertical diffusivity, which was included by adding a vertical random walk to the particle location. The random vertical displacement (W vw ) was added to the vertical (Ẑ) particle location at each time step (Hunter et al. 1993; Visser 1997) .
The numerical integration for the Lagrangian circulation was done using a fourth-order Milne predictor (Abramowitz and Stegun 1964 ) and a fourth-order Hamming corrector scheme (Hamming 1973) . A forward difference scheme was used when vertical displacement resulting from vertical walk parameterization was estimated. The vertical displacement has a Gaussian probability distribution with a correction for the vertical gradient in the diffusion coefficient. A 4 min integration time was used for the Lagrangian particles, and the location of each particle was obtained at 30 min intervals.
Particles were initialized in four locations: (i) an eastern set initialized in the surface layer and at depths of 100, 300, 500, and 1000 m across the continental slope (Fig. 2c); (ii) an eastern set initialized in the bottom layer of the Little America Trough; (iii) a central set initialized in the bottom layer in the Glomar Challenger Trough; and (iv) a western set initialized in the bottom layer and at depths of 100 and 400 m in the southwestern Ross Sea, including the southern Drygalski Trough. Releases across the continental slope were used to examine subsequent trajectories from the southern limb of the Ross Gyre; particles in the surface layer corresponded to the part of the water column considered occupied by young toothfish stages, and those at 500 and 1000 m corresponded to the depths occupied by adults caught in the fishery. The release locations over the shelf corresponded to areas where juvenile fish are caught in the fishery (Hanchet et al. 2008; Hanchet 2010) . A full set of particles was released into the simulated circulation fields from all locations once a month, and every particle was tracked for 400 days or until it exited the model domain. The number of Lagrangian particles arriving at six destination boxes in the eastern, central, and western Ross Sea, along the northern shelf break, along the western model boundary across the continental slope, and along the northern model boundary in the SPB were used to assess the dominant transport pathways.
Results
Otolith chemistry
Examining the chemistry along the otolith edges for environmental heterogeneity between sampling areas, we found significant differences in adults (multivariate ANOVA Pillai's trace; F ϭ 25.2; df ϭ 6; p Ͻ 0.0001) and juveniles (Pillai's trace; F ϭ 12.33; df ϭ 15; p Ͻ 0.0001; Fig. 3 ). In adults, significant differences in the contrast between the PacificAntarctic Ridge and Iselin Bank (multivariate ANOVA Pillai's trace; F ϭ 15.3; df ϭ 3; p Ͻ 0.0001) indicated strong environmental structuring; significant differences between the Pacific-Antarctic Ridge and Adare Basin (Pillai's trace; F ϭ 15.3; df ϭ 3; p Ͻ 0.0001) indicated environmental heterogeneity along the ocean ridge system at the western end of the SPB. Moreover, significant differences between the Iselin Bank and Adare Basin (Pillai's trace; F ϭ 34.8; df ϭ 3; p Ͻ 0.0001) indicated otolith chemistry recorded differential environmental exposures for each putative transport pathway. In the juveniles, the otolith edges showed significant differences from the Iselin Bank to the sampling areas farther west along the continental slope (Pillai's trace; F ϭ 13.2; df ϭ 3; p Ͻ 0.0001). Samples from Iselin Bank and along the slope were significantly different from the Adare Basin (Pillai's trace; F ϭ 4.61; df ϭ 3; p Ͻ 0.0045). Juvenile fish from the Antarctic Peninsula showed edge chemistry that was significantly different from all other fish sampled (Pillai's trace; F ϭ 74.54; df ϭ 3; p Ͻ 0.0001), indicating strong structuring in environmental exposures between the Ross Sea and the Antarctic Peninsula.
Nevertheless, despite the heterogeneity demonstrated in the edge chemistry, the nucleus chemistry showed no differences among adult toothfish taken on the Pacific-Antarctic Ridge, Iselin Bank, and Adare Basin (MANOVA Pillai's trace; F ϭ 1.78; df ϭ 6; p Ͼ 0.05); or between juveniles taken in the Ross Sea and Adare Basin (Pillai's trace; F ϭ 1.64; df ϭ 12; p Ͼ 0.05; Fig. 4) . Only when the nucleus chemistry from fish taken in research trawls off the Antarctic Peninsula was included in the analysis for juveniles did we find any spatial differences (Pillai's trace; F ϭ 2.49; df ϭ 15; p ϭ 0.0017), with a significant contrast between the Antarctic Peninsula and Ross Sea (Pillai's trace; F ϭ 6.84; df ϭ 3; p ϭ 0.0003).
Examining the univariate data for adults, the otolith edges showed environmental heterogeneity that was significant (Table 2), with differences between the transformed means for the Pacific-Antarctic Ridge and Adare Basin reaching 1.2 standard deviations (SD) for Mg·Ca -1 , 3.0 SD for Sr·Ca -1 , and 2.5 SD for Ba·Ca -1 . Yet none of the three ratios showed significant differences for the nucleus chemistry (Table 3) . For juveniles, differences in the edge chemistry reached nearly 1.5 SD for Mg·Ca -1 , 4.0 SD for Sr·Ca -1 , and 3.3 SD for Ba·Ca -1 , larger than that for the adults. Additionally, differences in the nucleus chemistry of juveniles between the Antarctic Peninsula and the other sampling areas were significant for all three element ratios. Yet we did not find evidence of population heterogeneity in any of the three element ratios in the juveniles from the northern Ross Sea and Adare Basin.
Age distributions
Examining age distributions for spatial structuring corresponding to the two putative transport pathways, ANOVA showed significant differences between sampling areas (Table 4). Consistent with adult migration northwards along the eastern pathway, all fish sampled on the Pacific-Antarctic Ridge were aged 11 years or more, with a large proportion older than 16 years (Fig. 5) ; fish on the Iselin Bank comprised a similar age range, but with a mode at 13 years and a smaller proportion of fish older than 16 years. A small proportion of juvenile fish appeared to follow a separate distribution; these were less than 10 years old, younger than the age at which immature fish reach neutral buoyancy.
Examining the western transport pathway into the Adare Basin, the age distributions north of the Mawson Bank and in the Adare Basin were significantly different from the Iselin Bank but not from each other, consistent with downslope connectivity. Evidence of bimodality was particularly strong north of the Mawson Bank, with a higher proportion of fish less than 10 years showing a mode at 7 years, and the lack of structuring indicated connectivity down the slope affected juveniles as well as adults.
In contrast, the age distributions of fish off the Drygalski Trough and Cape Adare were both significantly different, with increasing proportions of younger fish. There were few fish older than 16 years off Cape Adare, west of the zone of AABW formation, and significant differences from the Mawson Bank and Adare Basin indicated that even if fish are also transported to depth by gravity flows from the Drygalski Trough, they do not enter the Adare Basin.
Lagrangian particle tracking
The original simulations by Hanchet et al. (2008) suggested a large proportion of toothfish early life stages are transported from the Pacific-Antarctic Ridge along the Ross Gyre towards the eastern Ross Sea. Simulations of subsequent transport using ROMS showed that a large number of the drifters released in the surface layer across the continental slope of the eastern Ross Sea followed trajectories along the shelf break corresponding to the Antarctic Slope Front (Fig. 6) . Some of these entered the eastern Ross Sea via the Whales and Little America troughs, but a larger number crossed into the western
Pagination not final/Pagination non finale
Ross Sea at the point of maximum curvature in the shelf break. The shelf circulation then took them along the Glomar Challenger Trough. In contrast, particles initialized from the same location, but farther offshore, were transported in the western boundary current past the Iselin Bank. Overall, a high proportion of surface particles released across the continental slope reached, at some point during their trajectory, areas where juveniles have been caught in the fishery: 15% in the western Ross Sea, 28% in the central Ross Sea, and 20% in the shelf break along the northern Ross Sea (Table 5) .
With increasing depth, the proportions of particles reaching these juvenile areas declined. At 300 m, only 8% of particles reached the western Ross Sea grounds and only 10% reached the central Ross Sea. In deeper water, where adult toothfish are predominantly caught by the fishery, most particles either followed the western boundary current, passing north towards the Pacific-Antarctic Ridge directly along the eastern side of the Iselin Bank, or followed the flow around the bank and into the Adare Basin, consistent with adult age distributions. A few particles also passed along the Joides Trough. Fewer particles reached the western, central, and eastern Ross Sea, but the number reaching the continental slope in the northern Ross Sea increased from 15% at 300 m to 22% at 500 m. Similar proportions reached the model boundary in the northern SPB (24% at 1000 m), moving towards the Pacific-Antarctic Ridge. Twenty-two per cent released at 500 m reached the western boundary, reflecting westward flow along the continental shelf and slope. The importance of flow to the PacificAntarctic Ridge relative to flow westward, reflected in the ratio of particles reaching the northern and western boundaries, increased with depth from 1 at 500 m to 1.5 at 1000 m.
Particles released from the seafloor in juvenile areas in the southwestern Ross Sea (Fig. 6) were largely transported northwards along the Drygalski Trough to reach the northern shelf break where they joined the westward flow along the Antarctic Slope Front. Of those released, 39% reached the continental slope in the northern Ross Sea, whereas only 10% were transported to the central Ross Sea and none to the eastern Ross Sea. Moreover, 48% reached the western model boundary along the continental slope compared with only 2% reaching the northern boundary. This pattern remained true throughout the water column, indicating that fish off the Drygalski Trough and Cape Adare are unlikely to be transported into the Adare Basin, consistent with the age data. Large proportions of particles released from both the Glomar Challenger Basin and the eastern Ross Sea also reached the northern Ross Sea (23% and 33%, respectively) and the western boundary (27% and 32%, respectively). However, in contrast with the Drygalski Basin, 31% of the particles from the Glomar Challenger Basin and 16% from the eastern Ross Sea reached the northern boundary. Nearly half of the particles released from the eastern Ross Sea also passed through the Glomar Challenger Trough, whereas none passed in the reverse direction.
These results predict that early life stage toothfish travelling from the Pacific-Antarctic Ridge and following the flow in the Ross Gyre are unlikely to recruit only to the eastern Ross Sea, but would also be advected to juvenile areas in the western Ross Sea. A large proportion of adults feeding in pelagic waters following spawning, on the other hand, would be transported in the Ross Gyre towards the Amundsen Sea and then along the shelf slope from the eastern Ross Sea to the Iselin Bank and thence back to the Pacific-Antarctic Ridge. Taken with the evidence from the age distributions and otolith chemistry, this suggests a single, self-recruiting population with a life history structured by the large-scale circulation in the Ross Gyre and Ross Sea.
Discussion
A single Ross Sea population explains the data
Testing the life cycle proposed by Hanchet et al. (2008) , we were unable to refute (Popper 1959 ) the hypothesis of a single population of toothfish with connectivity between the Ross Sea and SPB. The nucleus chemistry of adult and juvenile Antarctic toothfish showed no differences among the PacificAntarctic Ridge, northern Ross Sea, and Adare Basin, indicating that fish caught in the Ross Sea and SPB fishery all recruited from the same spawning area. Age data, too, were consistent with adult connectivity between the northern Ross Sea and SPB. Fish in catch taken on the Pacific-Antarctic Ridge were all older than the ontogenetic threshold from negative to neutral buoyancy. Catch on the Iselin Bank contained large concentrations of adults, and the proportion decreased westward along the Antarctic Slope Current. Moreover, the age distribution of fish in the Adare Basin was similar to that of fish off the Mawson Bank, consistent with connectivity via rapid tidal sinking of benthic waters associated with AABW formation. The particle simulations indicated that up to a quarter of the simulated drifters were advected northwards into the SPB relying solely on passive transport, without invoking active migration. Taken together, the three techniques indicated a single population with adult movement along two deep pathways, northward from the Iselin Bank and Adare Basin towards the Pacific-Antarctic Ridge.
The lack of differentiation in the nucleus chemistry could not be explained by similar environmental conditions between areas, which can prevent the technique from identifying spatially segregated origins. Evidence from the edge chemistry demonstrated some of the strongest spatial differentiation yet observed, much larger than measured off the Patagonian Shelf and north Scotia Ridge (up to 2.6 SD; ) and in shelf waters over the Patagonian Shelf (between 1.0 and 1.9 SD; Ashford et al. 2012) , and comparable with differences in stable isotope concentrations in fish exposed to Antarctic Intermediate Water and CDW (2.5-3.75 SD; ). The differences were configured along the spatial axes of most interest: between the Pacific-Antarctic Ridge and northern Ross Sea and along the northern Ross Sea shelf. The strength and configuration of these differences suggested that the chemistry reflected exposure to Lower CDW, and shelf water mixing in the production of AABW associated with the Joides and Drygalski troughs. Thus, Sr·Ca -1 , indicative of CDW in previous studies (Ashford et al. 2005 , was much higher in the area occupied by Lower CDW on the Pacific-Antarctic Ridge than in the northern Ross Sea, whereas Ba·Ca -1 , associated with oceanic waters in previous studies, was also highest on the Pacific-Antarctic Ridge and showed a decrease in concentration west of the Iselin Bank. Even edge Mg·Ca -1 , which reflects changes in physiology associated with reproduction and movement, showed high concentrations on the Pacific-Antarctic Ridge and, like Ba·Ca -1 , decreased west of the Iselin Bank.
Neither was the lack of spatial differences in the nucleus chemistry due to a lack of statistical power. We used a sample size of n ϭ 20, yet a sample size of only n ϭ 16 per treatment was required to detect much smaller differences of only a single SD with a power of 1 -␤ ϭ 0.8. Adequate statistical power was by definition confirmed by successful corroboration of population structuring between the Ross Sea and Antarctic Peninsula already demonstrated by genetic approaches (Kuhn and Gaffney 2008) . Moreover, the genetics also suggested a single population in the Ross Sea, with no differentiation between northern and southern areas, consistent with Hanchet et al.'s (2008) hypothesis.
Resolving power was not an issue for the age data because differences were found between most samples. Validation of the data set using radiometry showed no significant biases and no evidence of unacceptable reader error (Brooks et al. 2011) . The age distributions corroborated the resolution, showing clear juvenile and adult modes with very little evidence of smearing between them. Nor did the lack of tidal forcing or active migration in the circulation model undermine our results. Although the omission of tidal forcing may cause an underestimate of benthic transport down the continental slope off the Joides and Drygalski troughs (e.g., Padman et al. 2009 ), this would in turn lead to downward bias in estimates of transport northwards from the Adare Basin. Similarly, directed behaviour would act to increase the proportion of the population and the velocity of their movement northwards. Both effects suggest that connectivity from the northern Ross Sea into the SPB may be considerably higher than the simulations suggest, reinforcing Hanchet et al.'s (2008) hypothesis.
Closing the life cycle: hydrography and life history
Connectivity from the Pacific-Antarctic Ridge is necessary to complete the life cycle, and Hanchet et al. (2008) hypothesized that some larvae are advected southwards to settle in the western Ross Sea. However, this solution is constrained by the hydrography. AASW flows cyclonically in the Ross Gyre and forms a thick layer within the Antarctic Slope Current (Orsi and Wiederwohl 2009 ). The current flows strongly east of the Iselin Bank, and the layer penetrates farther west, forming a potential barrier to movement southward into the northern Ross Sea; rather than southward, the slope current is likely to transport early stages westward to where it intensifies close to Cape Adare (e.g., Rickard et al. 2010) . As a result, the supply of young stages along the southward pathways suggested by Hanchet et al. (2008) may be relatively small.
Alternatively, Hanchet et al. (2008) predicted transport of young stages eastward in the Ross Gyre to the eastern Ross Sea. Near Cape Colbeck, AASW branches south corresponding to the Antarctic Coastal Current, providing a transport pathway on to the eastern shelf (Stover 2006; Orsi and Wiederwohl 2009 ). Our simulations predicted that larvae arriving in AASW off the eastern shelf would be transported inshore along the Whales and Little America troughs. Equally important, they predicted that others would be advected to the northern shelf break and along the Glomar Challenger Trough to areas where juveniles are caught in the southwestern Ross Sea. Moreover, the large proportions of particles reaching all four destinations suggested that advection in eastward pathways in the Ross Gyre to Cape Colbeck may be dominant in the supply of young stages to the Ross Sea. 6 . Simulations of particle trajectories originating from (a) arrays across the eastern continental shelf, released at the surface (blue), 100 m (black), and 300 m (yellow), and in the southern Drygalski Basin, released in the bottom layer (red), and (b) arrays across the eastern continental shelf, released at 500 m (black) and 1000 m (yellow), and in the eastern Ross Sea (blue) and Glomar Challenger Basin (red), released in the bottom layer.
The same may be true for adults. Hanchet et al. (2008) hypothesized that spent adults return to the continental slope in postspawning migrations. However, strong gravity currents down the continental slope make return transport unfeasible in the bottom layer. Above, CDW forms a tongue along the flow of the southern limb of the Ross Gyre with progressively attenuated characteristics as far west as Cape Adare. Although poleward inflows of MCDW occur from the shelf break along the Drygalski and Joides troughs, they are attenuated by mixing with northward flowing Shelf Water, constraining the numbers of toothfish that can be transported southward.
Alternatively, active countercurrent migration may explain adult connectivity from the SPB into the Ross Sea. This may also explain returns on the Ross Sea shelf, including from Terra Nova Bay, of fish tagged along the continental slope (Dunn et al. 2007 ). However, tag returns give no information on trajectories between mark and recapture, and connectivity achieved exclusively through active movement does not resolve the contradictory physiological evidence, or the adult distributions found by Yukhov (1970 Yukhov ( , 1971 in sperm whale stomachs along the northern arm of the Ross Gyre. Moreover, evidence from the 2003-2005 AnSlope program indicated that the gravity current down the slope from the mouth of the Drygalski Trough occurs on a short tidal cycle and is very strong, approaching 1.5 m·s -1 (Gordon et al. 2004 (Gordon et al. , 2009 . Off the Drygalski Trough at least, the currents increase in thickness from 100 m at the shelf break to 400 m on the upper slope at 1200 m depth (Gordon et at. 2009 ), the part of the water column on the slope where the fish are mostly found. Such currents almost certainly make countercurrent swimming ineffective. The intrusions of CDW onto the shelf through the Joides and Drygalski troughs (Orsi and Wiederwohl 2009) may support active movement, but the core of these intrusions is between 250 and 450 m (Gordon et al. 2009 ), shallow relative to where adult fish are mostly taken.
Instead, our simulations suggest that ocean circulation could facilitate adult connectivity from the SPB to the Ross Sea along the southern limb of the Ross Gyre. The large proportion of particles released at 1000 m from the eastern slope that reach the northern boundary of the model domain indicate that the pathway may be important even without incorporating behavior. Indeed, only minor differences in behavior may substantially increase rates of connectivity. Although not necessarily exclusive, transport in deeper water by the Ross Gyre would account for the adult toothfish found in sperm whale stomachs downstream of the Pacific-Antarctic Ridge, as well as the fish tagged in McMurdo Sound and recovered in the Amundsen Sea. It would also account for the large numbers of adult fish on the Iselin Bank, transported there in the western boundary current northwards along the Ross Sea slope.
A life cycle structured in this way by the large-scale circulation would explain other features of toothfish biology that currently appear incongruous. It would account for their high fecundity, large eggs with substantial energy reserves, and long pelagic larval phase. Further, it would explain the predominance of white muscle in older stages and labriform swimming, as well as the evidence from brain morphology and condition factor that supports migration. In this context, ontogenetic changes in depth and buoyancy can be seen as adaptive, facilitating movement between spawning and feeding grounds in adults and from spawning areas to juvenile grounds in young stages, but constraining juveniles to areas where appropriate prey species are concentrated and from where the circulation will result in transport to adult areas as they become neutrally buoyant. Note: Counts included all particles occurring in destination boxes at some point in their 400-day trajectory, and the sum of the percentages can be greater than 100%.
Complex population structure and marine protected areas
Membership in a population requires being in the appropriate place throughout the life cycle; otherwise fish are lost from their population, either to mortality or to become vagrants (Sinclair and Iles 1989) . In consequence, selection acts strongly to reinforce spatial life cycle trajectories that successful spawners must follow in order for their progeny to recruit to the population. Nevertheless, prevailing transport may lead to local abundances of juveniles in places where they cannot access adult areas (e.g., Beck et al. 2003) . In the southwestern Ross Sea, our particle simulations predicted transport of newly buoyant fish northwards along the Drygalski Trough, but then westward along the shelf away from the Adare Basin. The circulation model may overestimate transport along the shelf compared with downslope because of its lack of tidal forcing. Biological interactions may also play an important role; small differences in behaviour, amplified by the circulation, may modify migration pathways. However, the trajectories were corroborated by the high proportions of juveniles we found north of the Drygalski Trough and off Cape Adare. Although the boundary of our circulation model limits more detailed examination of trajectories farther westward, fish emerging from the Drygalski Trough and entrained in gravity currents downslope would be transported into the deep western boundary current along the continental slope to the southeastern Indian Ocean. As a result, the southern part of the Drygalski Trough may only partially supply the Adare Basin.
Transport northwards along the Joides Trough might form an alternate pathway from the southern Ross Sea to the Adare Basin; however, we found a lack of drifters moving in this direction. Instead, outflows of deeper water from the eastern Ross Sea, notably from the Glomar Challenger Trough, contribute to the deep western boundary current flowing northwards along the continental slope into the SPB and around the Iselin Bank into the Adare Basin (Orsi and Wiederwohl 2009) . Juvenile areas connected directly by transport pathways to the Ross Gyre via these deep outflows may be more important in supplying spawning areas on the Pacific-Antarctic Ridge and hence represent the critical life cycle trajectories on which the Ross Sea population depends. By contrast, fish from the southwestern Ross Sea transported along the Drygalski Trough may be important to the local ecosystem, but represent a life cycle trajectory of secondary importance to the Ross Sea population; leaving the western Ross Sea via gravity currents from the mouth of the Drygalski Trough, they may follow a path similar to the salty Bottom Water created at the edge of the Ross Sea, which spreads westward between the continental slope and the Balleny Ridge into the Australian-Antarctic Basin (Orsi et al. 1999) . In this way, the southwestern Ross Sea may supply immigrants to areas in the southern Indian Ocean.
Life cycle trajectories structured by the large-scale circulation may define a population and its gene flow, as well as its dynamics. In toothfish, genetic data differentiated fish taken from sampling areas in the Ross Sea from others west of Prydz Bay, as well as from the Antarctic Peninsula (Kuhn and Gaffney 2008) . Changes in the large-scale circulation may have important and long-lasting effects by altering connectivity along these trajectories. Indeed, tectonic change implicated in the development of the ACC and the Ross Gyre may ultimately drive the separation of life cycles that define toothfish population structure in the Southern Ocean. The implications are profoundly important for fishery management. With a life cycle tied to the Ross Gyre, most successfully spawning fish may pass during their life history through an area around the Iselin Bank where fishing effort is currently concentrated. An MPA risks protecting what may be relatively unimportant juvenile and adult feeding areas in the southwestern Ross Sea while covering only parts of the life cycle critical to the targeted population. Yet benefits of protecting areas in the western Ross Sea may accrue to areas in the southern Indian Ocean by promoting emigration rates along the continental shelf and slope west out of the Drygalski Trough. By integrating age studies, otolith chemistry, and particle simulations in a multidisciplinary approach that incorporates hydrography, we can construct and test spatially explicit hypotheses like these, which relate life history connectivity to the physical circulation of oceanic systems.
